ABSTRACT Joint time of arrival (TOA) and angle of arrival (AOA) estimation based on a uniform circle array (UCA) involves problems, including high computational complexity in the multi-dimensional spectral search method and lack of applicability in coherent multipath environments. In this paper, we introduce a fast estimation algorithm based on the orthogonal frequency-division multiplexing system that uses spacefrequency characteristics to reconstruct the virtual array and extend the array aperture. First, we combine the array structure with the signal frequency features to construct the extended virtual array. We then calculate the channel frequency response covariance matrix via frequency-domain smoothing preprocessing and determine a closed-form solution of AOA using UCA estimating signal parameters via rotational invariance techniques. Finally, using the estimated angle values, we perform a 1-D spectral search to determine the TOA values. The simulation results indicate that the proposed method provides an accurate estimation under the low signal-to-noise ratio conditions in coherent, independent, or mixed multipath environments, and provides a better performance than the multi-dimensional spectral peak search method, in terms of both computational complexity and estimation accuracy.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is a multi-carrier digital modulation technology with high frequency band utilization that can effectively counter frequency selective fading. OFDM is widely used in applications such as underwater acoustic communications [1] , the 4 th generation mobile communications, and IEEE 802.11 wireless local area networks [2] . OFDM systems provide users with both data services and location-based services. Time of arrival (TOA) and angle of arrival (AOA) are significant parameters in location systems, such as radar [3] and indoor navigation [4] . Similar to the time-domain narrowband sources model, the frequency-domain AOA estimation method has been investigated [5] using the multiple signal classification (MUSIC) algorithm, but the performance of this method is restricted by the array aperture size. A method for TOA estimation was proposed in [6] for application to OFDM signals, but this method cannot be used in multipath environments. While the researchers have applied super-resolution algorithms like MUSIC [7] , root-MUSIC [8] , the propagator method (PM) [9] , estimating signal parameters via rotational invariance techniques (ESPRIT) [10] , and compressive sensing [11] , [12] , they produce little enhancement of the estimation accuracy because of signal frequency band limitations.
Joint estimation of the TOA and the AOA using spacetime parameter coupling features can improve the precision and also reduce the number of nodes required in location systems. Therefore, the joint estimation algorithms used are significant. The algorithm proposed in [13] solved for the TOA and then estimated the AOA based on the trigonometric geometry of the time delay inequality under the condition of wideband signal conditions, but the performance showed little obvious improvement. In addition, a method was proposed in [14] that provided an extended channel frequency response using a Hadamard product and obtained high-precision joint estimation in OFDM systems. However, with the requirement for a total field-of-view search, the computational complexity of this method was high and the uniform line array (ULA) can only estimate the azimuth angle.
In this paper, we focus on the joint estimation of the TOA and the AOA in OFDM systems in uniform circle array (UCA). The UCA can get not only two-dimensional (2D) angle estimation but also estimate the robust azimuth angle performance. However, the multipath environment of interest has two possible situations, i.e., independent and coherent, and the existing works in the literature mostly researched on the independent multipath environment, which is the necessary condition for the use of subspace algorithms. In the coherent multipath environment, spatial smoothing techniques [15] can solve the problem for the ULA. However, for the UCA, spatial smoothing was usually applied to perform azimuth angle estimation after the UCA was transformed into a virtual ULA [16] , [17] . To estimate the 2D angle, [18] used a delay line, while [19] constructed auxiliary UCAs in the vertical direction. They all calculated multiple covariance matrices and applied spatial smoothing method, but all of these approaches caused systems to become more complex.
We therefore present a joint estimation algorithm that can be applied to coherent, independent or mixed multipath environments. The key aims of our work are to improve the estimation precision and also reduce the complexity caused by use of the spectral search methods. The responses of multiple subcarriers combined with that of the array can be used to reconstruct the extended virtual array response and perform highly precise estimation. Given that UCA-ESPRIT has no spectral peak searching requirement, we use a closedform solution and thus reduce the computational complexity. The remainder of the paper is organized as follows. We first briefly present a signal model in Section II. In Section III, we explain our estimation approach for the TOA and the AOA, and describe the steps of the proposed algorithm. An analysis of the computational complexity is presented in Section IV. In Section V, we present the results of the simulations. Finally, we summarize the work in Section VI. 
II. SIGNAL MODEL
The reference sensors in the UCA are illustrated in Fig.1 . The parameters, TOA and AOA, are mainly concerned, so we do not take the position of emitters into consideration in this paper. A multipath radio propagation channel is generally modeled as a complex low-pass equivalent impulse response. The response of the mth sensor in the sth time interval is given by
where K is the number of multipath components, α amplitude, β k is the phase, which is subject to a uniform distribution with density function U (0, 2π), and τ k is the propagation delay of the kth path. The relative delay of the kth path and the mth sensor can be represented by
, where r is the radius of the UCA, M is the number of sensors used, c is the speed of light and (θ k , ϕ k ) is the direction from which the plane wave is impinging.
Assume here that the number of OFDM subcarriers is L. If we take the Fourier transform of (1), the channel frequency response of the lth subcarrier and the mth sensor can be expressed as
where f c is the carrier frequency, f is the OFDM subcarrier spacing and n
(s)
l,m is additive white Gaussian noise with power of σ 2 . From (2), the channel frequency response of lth subcarrier is given by
where
where a l (τ k , ξ k,m ) = e −j2π(f c + fl)(τ k +ξ k,m ) ), and
In addition, if the number of time intervals is assumed to be S then (3) can be expressed as
Based on the space-time equivalence, we find that the subcarriers of OFDM signals analogous to array sensors and then apply space signal processing methods to construct a space-frequency extended channel frequency response matrix, which is given by
. . .
Although OFDM is not a narrow band system, we transform its time-domain model to the frequency domain model, which is similar to the time-domain model of narrow band signals.
Reconstruction of the extended channel frequency response has two effects. The first is that the virtual bandwidth is extended by M times the actual bandwidth. The other is that the virtual array aperture is extended by L times the real aperture. From a TOA and AOA estimation viewpoint, the increased bandwidth and aperture size will improve the estimation accuracy.
III. THE JOINT TOA AND AOA ESTIMATION
From (14), we define the covariance matrix as
where R ρ is a complex attenuation covariance matrix. If the complex attenuations are independent, we find that rank(R ρ ) = K and rank
which is the necessary condition for the use of the MUSIC algorithm. According to both [14] and [20] , eigenvalue decomposition of R H is performed to obtain the noise subspace U n and then the spatial spectrum for joint estimation can then be expressed as
Using the extended three-dimensional MUSIC (EX-3D-MUSIC) algorithm, we can solve for the values of τ ,θ,φ , but the 3D spectral peak search has a cost of considerable computational complexity. When the complex attenuations that are caused by the multipath environment are coherent, we find that rank(R ρ ) < K and the MUSIC algorithm cannot be adapted for use in this coherent situation because rank
A. THE SMOOTHING PREPROCESSING
To find an algorithm that can be applied to both coherent and independent multipath scenarios without loss of the known information, we define
This is a smoothing method introduced from [15] to solve the problem of coherent signals identification. First, we define
Consideration of the practical situation indicates that the relative time is much smaller than the propagation delay, which means that it can be ignored. We can then establish the resulting equation as
Next, the new covariance matrix is given as
We can then rewrite (18) as
Finally, when K ≤ L, we determine that rank(R ρ ) = K . Regardless of the presence of independent or coherent multipaths, RH meets the requirements for the use of the MUSIC algorithm. We now prove that if K ≤ L, thenR ρ = K is full rank. First, we can rewriteR ρ as
which can be simplified to givē
where G is a K × LK block matrix given by
with C denoting the Hermitian square root of R ρ /L :
Obviously, the rank ofR ρ is equal to the rank of G. Therefore, we need to prove that rank(G) = K . Given that the rank of a VOLUME 6, 2018 matrix is unchanged by its column permutations, it then can be verified that
where c i,j represents the i, jth element of the C and d k is the 1 × K row vector expressed as
The rank(G) = K , when each row of the matrix C has at least one nonzero element and the vectors
If we assume that all elements of the kth row of C are zeros, this means the kth signal has zero energy from (27) but this cannot be true. The vectors d 1 · · · d K can be embedded within a Vandermonde matrix, which is known to be nonsingular. Therefore, it is proved that rank(G) = K and rank(R ρ ) = K .
B. UCA-ESPRIT FOR AOA ESTIMATION
For RH, the spatial spectrum for joint estimation can be expressed as
whereŨ H N is the noise subspace obtained by eigenvalue decomposition of RH. Given that a 3D spectral peak search has a high cost in terms of computational complexity, we use the UCA-ESPRIT algorithm proposed in [21] to realize fast estimation. However, the UCA-ESPRIT is only applied to the manifold of the UCA. Consideration of (23) indicates that it can also be defined as
where T = diag e −j2πf c τ 0 · · · e −j2πf c τ K −1 . This shows that the manifold A 0 (0, ξ ) in (31) only corresponds to the AOA. We then take the beam-space transform of (22), which is given by
where F H is beam-space transform matrix. Then,
We then take the eigenvalue decomposition of R Y and calculate the signal subspaceŪ S . Here, we define Q as a K × K full rank matrix, and the signal subspace is expressed as
We defineŪ
In addition, we divideŪ S into three parts and define these parts as
Each part above has M − 2 rows. From [21] , we find that
Using (43), we can confirm , which can also be expressed as
Using (44), we take the eigenvalue decomposition of and then calculate the eigenvalue λ k (k = 1, · · · K ), which is a function of the azimuth and the elevation angle. The closedform solutions for θ ,φ are given bŷ
C. ONE-DIMENSIONAL (1D) SEARCH FOR TOA
We obtain the closed-form solutions for the AOA using UCA-ESPRIT, and combine these solutions with (30) to obtain the TOA search function, which is given by
When the complex attenuations are completely independent, then compared with EX-3D-MUSIC, the smoothing preprocessing reduces the array aperture and the accuracy of TOA provided by the proposed algorithm is lost. When we obtain the AOA estimation, the EX-3D-MUSIC can be just used to estimate TOA, which can maintain the virtual array aperture and accuracy. Therefore, we present an improved algorithm for the TOA based on EX-3D-MUSIC, where the spatial spectrum function can be expressed as
Using a 1D spectral peak search, we can estimate theτ k that corresponds to θ k ,φ k and thus accomplish joint estimation of the TOA and the AOA. 
D. ALGORITHM STEPS CONCLUSION
The main steps for the proposed algorithms can be summarized as follows:
Algorithm 1 Joint TOA and AOA Estimation 1) Construct an extended channel frequency response H.
2) Construct the covariance matrix using (18) and calculate the closed-form solution θ ,φ indicated by (46) using UCA-ESPRIT. 3) Perform a 1D spectral peak search of the TOA using (47) and then solve for the corresponding valuê τ . 4) When only independent multipaths are present, calculate the extended channel frequency response covariance matrix R H , take the eigenvalue decomposition of the covariance matrix to solute the noise subspace U N and then solve theτ using (48).
IV. ANALYSIS OF THE COMPUTATIONAL COMPLEXITY
Here, we analyze the computational complexity of the proposed method using UCA-ESPRIT algorithm and compare it with the complexity of the 3D spectral peak search method based on the MUSIC algorithm. The complexity of the proposed method can mainly be divided into four parts. The complexities of calculation of the covariance matrix, the eigenvalue decomposition, UCA-ESPRIT and the 1D spectral peak search are
, respectively, where the G τ denotes the number of spectral points in the 1D search. Therefore, the complexity of the proposed algorithm is given by
where the G θ and G ϕ denote the numbers of 2D angle searches.
In addition, in the case when the complex attenuations are all independent, we propose an improved step to obtain a more precise TOA estimation. The additional complexities of calculation of the extended channel frequency response covariance matrix, the eigenvalue decomposition, and the 1D spectral peak search
and O(ML(ML − K )G τ ), respectively. Therefore, the total complexity is given by
For the sake of clarity, the computational complexities of all these approaches are summarized in Table 1 . We also compare the complexity of methods versus time intervals (S), the number of sensors (M ) and the searching step ( τ and θ = ϕ, where G θ = 90/ θ, G ϕ = 360/ ϕ) in Fig. 2 (a), (b) , (c) and (d), respectively.
As shown in Fig. 2 , the complexities of 3D-MUSIC and EX-3D-MUSIC are high because of the huge numbers of spectral points, particularly under small spectral step conditions. In contrast, both the proposed method and the improved proposed method use UCA-ESPRIT to solve for the AOA and simply perform a 1D spectral peak search to solve for the TOA. In addition, the complexity of ESPRIT is much less than that of MUSIC. Therefore, both methods also effectively reduce the computational complexity. When compared with the proposed method, the improved proposed method pays the higher cost of increased complexity caused by the extended channel frequency response to obtain more precise TOA estimation.
V. SIMULATION RESULTS
This section reports the results of simulation experiments in which the proposed algorithm using UCA-ESPRIT is compared with 3D-MUSIC. Furthermore, we also compare the improved algorithm under independent complex attenuations conditions with EX-3D-MUSIC. The Cramer-Rao bound (CRB) [22] is the lower bound of the unbiased estimation variance of the proposed model, which can be plotted as a benchmark. First, assuming that there are Q times estimation, the joint probability density function is given by
We then take log-likelihood function of (49) and have
Define η = τ T , θ T , ϕ T T . Moreover,ρ(q) andρ(q) are the real part and imaginary part of ρ(q), respectively, which are expressed asρ(q) = Re[ρ(q)] andρ(q) = Im[ρ(q)]. The Fisher information matrix is = E ψψ T , where
For a Fisher information matrix, the CRB of η satisfies
, and ⊗ represents the Kronecker product.
The simulations are based on an OFDM system with K = 64 subcarriers, guard duration T G = 1.6µs, fast Fourier transform period T FFT = 3.2µs, bandwidth B = 80MHz, and carrier frequency f c = 2.4GHz. The UCA has M = 15 sensors and the radius of array is defined as
We select the spectral steps of θ = 0.05 • and τ = 0.001ns. To measure the accuracy of these algorithms, we define the root mean square error (RMSE) as
where Q, λ andλ i are the number of Monte Carlo simulations, the ith real values and the estimated values, respectively. 
1) PERFORMANCE UNDER THE LOW SIGNAL-TO-NOISE RATIO (SNR) CONDITIONS
We consider three possible situations. First, assuming that the number of coherent multipath components is two, the delays of these are 3.5ns and 13. a time delay of 23.5ns. We use the proposed algorithm in these two situations. Third, we assume that all three multipaths are independent and we use the improved proposed algorithm. We select Q = 100 and determine the distributions of the TOA and the AOA under the conditions of SNR = −5dB and S = 500. These three situations are shown in Fig. 3-5 , respectively. The figures demonstrate that the corresponding algorithm solves for the parameters successfully in all situations and that the estimated values are all concentrated around the real values. Additionally, the proposed algorithms perform well under low SNR conditions and are robust.
2) PERFORMANCE VERSUS SNR
Consider again the last two situations used in simulation 1. We compare the proposed algorithm with the 3D spectral peak search method under both coherent and independent multipath component conditions. We then compare the improved algorithm with EX-3D-MUSIC, the TOA estimation method introduced in [5] and the AOA estimation method introduced in [7] . The RMSE performance versus the SNR, which ranges from -15dB to 20dB at 5dB intervals, is shown in Fig. 6-7 . Fig. 6 shows that the RMSE of the proposed method is lower than that of 3D-MUSIC. When the complexities are compared, the complexities of the proposed method and 3D-MUSIC are approximately O(1.17 × 10 8 ) and O(5.87 × 10 13 ), respectively. Therefore, the proposed method using UCA-ESPRIT not only reduces the complexity but also obtains a value that has been estimated with high precision. Because the proposed algorithm applies the smoothing processing losing virtual array aperture, there is a gap between the RMSE of it and CRB.
When only independent multipaths are presented, as shown in Fig. 7 , the proposed algorithm enhances the precision compared with the conventional TOA and AOA estimation methods, which demonstrates that the joint estimation methods can improve the accuracy. However, it also obtains an RMSE that is bigger than that of EX-3D-MUSIC because it is applied to a smaller array aperture. The EX-3D-MUSIC obtains the RMSE much closer to CRB, but it has huge complexity of O(2.98 × 10 17 ). Therefore, we present an improved proposed algorithm. Because it has the same step as proposed algorithm to resolve AOAs, its RMSE is equal to that of proposed algorithm. The Fig. 7 (b) shows that the improved algorithm enables to improve the accuracy of TOA compared with proposed algorithm, with an RMSE that is closer to that of EX-3D-MUSIC and CRB. Moreover, the complexity of improved proposed algorithm increases to O(2.43 × 10 10 ), but has been greatly reduced compared with that of EX-3D-MUSIC.
3) PERFORMANCE VERSUS THE NUMBER OF TIME INTERVALS
The number of time intervals is varied in the range from S = [20, 50, 100, 200, 500, 1000, 2000, 5000]. In order to highlight the impact of time intervals on RMSE, we set SNR = 15dB and the results are shown in Fig. 8-9 . As the number of time intervals increases, the RMSE decreases, but the decline gradually reaches a plateau. The other conclusions are the same as those from simulation 2. Fig. 8 shows that the proposed algorithm is superior to 3D-MUSIC in terms of accuracy and complexity. And Fig. 9 presents that the RMSE of proposed algorithm is higher than that of EX-3D-MUSIC but with much lower complexity. Moreover, the improved proposed algorithm improves the accuracy of TOA close to that of EX-3D-MUSIC and much closer to CRB compared with proposed algorithm.
VI. CONCLUSIONS
For joint estimation of the TOA and the AOA in a UCA and with the aim of solving problems in complex multipath environments, we propose an estimation algorithm that is applicable to OFDM systems. We combine the channel frequency responses of the sensors with those of the subcarriers to use more of the available information and then perform frequency-domain smoothing preprocessing to meet the conditions of the subspace algorithms, regardless of whether coherent or independent multipath conditions applied. In this paper, the algorithm model and the process are first introduced. The complexity of the proposed algorithm is then analyzed. Finally, the simulation experiments are presented. The results of the theoretical analysis and the simulations show that the proposed algorithm can estimate the parameters under coherent, independent or mixed multipath conditions and is robust under low SNR conditions. When compared with the spectral peak search method, the proposed algorithm using UCA-ESPRIT has greatly reduced the complexity and provides higher precision for the estimated values when the number of spectral points is restricted. In the case where there are only independent multipaths, we propose an improved method for TOA that enhances the accuracy without too much of an increase in complexity. He is currently involved in communications and information system at NDSC. His main research interests are in the areas of wireless communication theory, signal processing, and parameter estimation.
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